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DISCUSSION
As long ago as 1896 Dexler reported the pathological features of "enchondrosis intervertebralis" of dachshunds which had been paralysed. He did not, however, consider that these "chondromas" were in fact disc protrusions and this fact was not recognized for more than fifty years.
A factor which has contributed to some extent to the confusion on this subject has been the very wide range of symptoms that the affected dogs may exhibit.
The intervertebral disc in the dog, like that in man, is composed of two parts-the central nucleus pulposus, which is gelatinous and is surrounded by the annulus fibrosus, the peripheral lamellated portion, which is much thicker ventrally than dorsally.
The 7th-15th discs are also covered dorsally by the conjugal ligaments which join the heads of the 2nd-lOth pairs of ribs. These conjugal ligaments largely replace the dorsal annulus in this area and would appear to be responsible for the remarkable lack of protrusions in this area (Fig. 1) . Degeneration of the nucleus pulposus would appear to be a prerequisite for the subsequent development of a disc protrusion. The normally gelatinous nucleus becomes firm: chondroid, calcified or dry and crumbly.
Following this degeneration there is a tendency for faults to develop in the annulus. These develop along tortuous tracts and finally the nuclear material breaks through to form a disc protrusion (Fig. 2) .
This form has been classified by Hansen as Type I (protrusion)-these present as major features (i) large size (up to 15 x 10 x 5 mm. or more), (ii) degenerate nuclear material free in the spinal canal, (iii) identifiable tracts running through the annulus, and (iv) adhesions to the spinal dura mater occurring fairly frequently. These are commonly associated with severe symptoms.
There is another type of protrusion-Hansen's Type II-in which the masses are smaller, and where the aninulus is bulged rather than broken through. There is seldom any dural adhesion.
These protrusions occur dorsally and lie into the spinal canal and cause spinal cord pressure. Because of this and because of the location of protrusions in two groups, cervical and thoracolumbar, very wide variations in signs occur. The degree of affection is also associated with the degree of cord compression and the rate at which the protrusion develops (Olsson's dynamic factor).
The Clinical Features
Disc protrusion cases may be divided on an anatomical basis into two main groups, cervical and thoracolumbar.
The cervical protrusion cases exhibit especially pain with rigidity of the neck and spasm of the cervical muscles (fibrillation). These animals are often very apprehensive and will frequently scream without having been touched. Brachial paralysis occurs in some cases. Very rarely quadriplegia occurs. Pain tends to be persistent in these cases.
The thoracolumbar cases show much more variation and may be subdivided into a series of groups:
(1) Cases which show pain only; the dog appears dull, stands with back arched and is disinclined to move. These are fairly unusual and may in many ways resemble cases of cervical protrusion.
(2) Cases with pain and paresis; similar to the first but with additional loss of control of hind-legs.
(3) Paraplegics, in which control of hind-legs is completely lost, and the legs are either dragged behind when the dog moves ("flaccid paraplegia") or held in extension ("spastic paraplegia"). These cases frequently show lumbar pain for the first twenty-four to fortyeight hours of affection. The rate of onset may be sudden and dramatic or may develop slowly over three or four days. The flexor and extensor reflexes are present in the hind-legs, but no weight-bearing reflexes can be elicited. Tail movements are present. Urine is frequently not passed normally, but only when the bladder is distended. In a very few cases marked wasting of the posterior half of the body occurs and if this happens the dog always dies after some three to four months.
(4) Absolute paralysis: these cases start like the typical paraplegics but soon show (a) marked posterior cord irritability, shown by marked muscle jerk of the hind-legs on the slightest skin stimulation. This is followed by (b) complete loss of all reflexes and of all muscle tone in the hind-legs. This may co-exist with ascending paralysis or may occur alone. The spinal cord in these cases has undergone a liquefactive necrosis and recovery is impossible.
(5) Acute ascending paralysis; these cases start like the typical paraplegias, but rapidly deteriorate to the state where the animal lies on its side and yelps. Death ensues within approximately forty-eight hours. Some cases may be less severe and may survive up to seven to ten days; these show a markedly raised head position and a Schiff-Sherrington phenomenon.
Radiographic Diagnosis
Because of the fairly frequent occurrence of calcification in the disc of the dog, disc protrusions may in many cases be visualized on a plain film. These can often be seen in the intervertebral foramen on a lateral projection ( Fig. 3) . Calcification of the nucleus of the disc itself, in situ, is only indicative of disc degeneration. Diminution of the disc space is suggestive that there has been loss of disc substance, but is not of itself conclusive proof of a protrusion.
Myelography is useful to outline the protrusion and will show either (a) total block above the affected area or (b) bulge over the protrusion (Fig. 4 ). Thorotrast is a useful contrast agent in the dog since it is water-miscible and can outline several protrusions. It causes a lymphocytic meningitis, but does not appear to cause any clinical affection.
Treatment
Conservative treatment is mostly employed,-and because of the high percentage of spon-taneous recoveries assessment of the various methods is difficult. Disc fenestration is useful in the cervical protrusion cases.
Prognosis
Cervical cases: Usually good after operation, untreated cases show persistent pain with periods of normality. Paraplegics: Prognosis depends mainly on the time interval between the onset of the condition and the first sign of recovery. Seven days or less-good; four weeks or more-very poor.
Breed incidence: dachshunds are especially prone. Hansen (1951) classified dachshunds, pekinese and French bulldogs as "chondrodystrophoid" and claimed that there was a relationship between the abnormal endochondral ossification in these breeds and the early disc degeneration which they exhibit. Spaniels are also commonly affected. It is now known that a number of locomotory disturbances can be traced to pathological conditions of the intervertebral disc not only in man but also in dogs, cats and even cattle. It is believed that the anatomy of the region influences the course of the disease and this paper will deal first with those anatomical features which may have a bearing on protrusion of a disc and then with what is known of the factors influencing the distribution of lesions and the differing syndromes in man and dog. Dr. A. S. King is associated with all that is presented in this paper.
The actual substance of the normal intervertebral disc is the same in man and the dog. In the relatively young animal a distinct annulus fibrosus surrounds the approximately central nucleus pulposus. The annulus has a narrow zone of collagen fibres and a deeper zone of fibrocartilage. The fibres of the annulus are continuations of the Sharpey's fibres of the vertebre, originating from one centrum and pursuing an oblique course before inserting in the adjacent one. They are arranged in lamellk and adjacent lamelle have the direction of the fibres arranged at an angle to one another. In a cross-section of the disc the oblique fibres will be transected at different angles and the lamellae will be seen not to form complete rings but to encircle about half the nucleus, when the ends may taper off or they may split and enclose the ends of other layers. Between the annulus and the nucleus is a narrow transitional zone which can only be seen satisfactorily in the young separating two structurally different tissues. However, as the nucleus ages and merges with the perinuclear tissue the transitional zone becomes much less apparent.
In the young the nucleus pulposus is a gelatinous mucoid mass infiltrated by a few collagenous fibres. It is believed that by virtue of its semi-fluid nature it can alter in shape during movement of its embracing vertebre and so distribute the compression forces over the vertebral end surfaces. A direct end-to-end force will cause a flattening of the nucleus and this in its turn will be accommodated by outward expansion of the annulus. However, the nucleus soon loses both its mucoid appearance and its plasticity. Heavy fibres appear, dehydration sets in and a whiter firmer nucleus manifests the fibroid phase. In man the changes continue and fibro-cartilage replaces the originally plastic jelly.
The position of the nucleus pulposus relative to the disc changes during life. Early on it is fairly centrally placed but as growth of the vertebral column takes place on the side remote from the vertebral canal the nucleus will appear to migrate towards the spinal cord.
The shape of the disc is controlled by the conformation of the end surfaces of adjacent vertebrae. The human vertebra has a flat end surface covered by a very thin cartilage plate and surrounded by a raised rim. That of the dog is slightly convex with a dorsally eccentric concave area lined by cartilage. No doubt man achieves greater stability for his upright posture with the rings of contact of the vertebral bodies being peripheral, than he would if they were relatively central as in the dog. The nutrition of the disc is thought to be by diffusion from adjacent vertebre as very few blood vessels are seen and these are usually peripheral.
It is not improbable that all the factors mentioned so far have some bearing on protrusion of the disc. By virtue of its position and morphology it is prone to degeneration and trauma. The disc of man begins to degenerate about the third to fourth decade, of most dogs at 6-7 years, and of certain breeds-the chondrodystrophoid group-at about 6 months. These are the times that one usually finds symptoms beginning in these different animals; the hardened nucleus can no longer distort to adapt to vertebral movement and instead will tend to be pushed against the annulus. This has lost its resilience and, instead of accommodating to the push, it breaks and fissures. The direction of the nucleus-pulposus-bullet must be helped by its dorsal eccentricity and dorsal protrusions are commoner than those in any other direction. The part played by the shape of the disc and vertebra is uncertain.
It would appear at first sight that the distribution of protrusions along the vertebral column should parallel the distribution of degenerations. For the only two species in which comparisons are available (dog-Hansen, 1952; cat-King and Smith, 1958 ) the distributions are not very similar. There appears to be little detailed information on the distribution of protrusions in man. Haley and Perry (1950) give details for the cervical region ( Fig. IA) and Horwitz (1939) for the lumbar (Fig. 1B ). In (1939) . In both histograms the data for disc thickness are taken from Grant (1952) . protrusions from the thoracic discs. In the cervical region it will be seen that although there is not a strict correlation between the total number of protrusions and the thickness of the disc, the larger protrusions coincide with the thicker discs. There is still too much controversy over the sites and degrees of normal mobility to be able to decide the effect this factor has on the distribution of protrusions in man. In addition, it is not improbable that the mobility of a region will alter when it becomes degenerate.
There are two published surveys of protrusions in dogs (Hansen, 1952; Hoerlein, 1953) , which when added together give the histogram Fig. 2 . There appears to be some attraction for protrusions in the late thoracic and early lumbar regions, but until we know more of the quaiities inherent in the canine vertebral column we are unable to explain the regional distribution. There is not a marked difference in the thickness of discs although those in the thoracic region show a tendency to be narrow. Regarding the effect of mobility, Slijper (1946) considers the most important centre to be in the region of the 10th thoracic vertebra.
Ezle IZ/ VZ a ji e rzzj! II II MwFFzV3, v We can, however, comment on the role the conjugal ligaments may play. These structures, which are not found as such in man, connect the heads of each pair of ribs from numbers 2 to 10 by running between the disc and the dorsal longitudinal ligament. Certainly in the dog protrusions do not often occur in the region of these ligaments except in the case of the last of the series and to a certain extent the penultimate. It may be argued that the last ligament is small and not so effective as the others, but King (1956) has shown that the first is of similar dimensions to the last yet protrusions have not often been described at the disc it covers. It is said that man has very few thoracic protrusions yet there is no conjugal ligament in that species. So, although the ligament may have a restraining action on protrusions we are inclined to think that most of the thoracic region differs in some way from the remainder of the column regarding the conditions for the protrusion of the disc.
Although pain sensations can arise from damage to structures intimately associated with the discs, damage to the central nervous system produces the most impressive symptoms. The site of the lesion is of paramount importance, but one should also bear in mind the suggestion by Olsson (1951) that it is not the size of the protrusion as much as the force with which it is projected that determines the symptoms. In man the end of the spinal cord is at the beginning of the lumbar region and only nerves fill the remainder of the relatively wide vertebral canal. Remembering that it is in the last few lumbar discs that protrusions are commonest in this region it will be seen that most of the effects will be grouped in the area of distribution of one or a very few nerves. But in the dog the cord finishes at the end of the lumbar region and so this species vwill suffer in rather a general manner wherever the protrusion occurs and, as is well known, the most severe of these cases result in paraplegia. Changes in the Human Intervertebral Disc with Age The histological structure of the intervertebral disc and the changes in this with ageing have been described by Ross Smith (1931), Coventry et al. (1945) and Beadle (1931) , but a more detailed investigation into the ultra-structure and constitution of the intervertebral disc was thought to be desirable if changes with age and their bearing upon function could be elucidated. Our investigations, conducted at the Bradford College of Advanced Technology with Drs. F. Happey and D. L. Smare of the Textile Studies and Physics Departments of that Institute, were pursued initially along two courses: (1) X-ray crystallographic studies of the disc structure at various ages and (2) Pressure measurements developed in the disc by fluid absorption. These led to our present investigations into the nature of the polysaccharides within the intervertebral disc, aiming later to estimate changes in protein and polysaccharide distribution and content with age.
X-ray Diffraction Studies
Our earliest investigations (Happey et al., 1953; Naylor et al., 1954) were made using fresh human intervertebral discs from subjects aged 3 weeks to 79 years, sections being partially dried in the air during examination. From the X-ray diagrams so obtained it was deduced that:
(a) The gels of the nucleus pulposus are made up of a dispersion of collagen molecules separated by a distance greater than the normal 11 8 A found in fibrous tissues.
(b) With advancing age, the collagen becomes more and more orientated and it is evident that a degenerative process is at play until a stage of crystallization and fibrillation of collagen is reached in the discs of very old subjects as the nucleus loses its gel structure.
(c) In the annulus, a uniaxial dispersion of the crystallites of the collagen is seen before the age of 35, but specimens from older subjects show an increasing biaxial character. Beyond the age of 48, a preferred orientation appears to develop in the biaxial system, suggesting a tendency to reversion to the uniaxial orientation.
Our subsequent investigations show that some modification ofthese deductions is necessary. Photographs taken with the X-ray beam parallel to the spinal axis and perpendicular to the radial direction of the disc show less dispersion than with the radial beam and suggest that fibrils are laid down in concentric cylinders around the radius in the plane of the cylinder. Using frozen sections 0 25 to 0 5 mm. thick to minimize air drying of the specimens, investigations were made using X-rays, infra-red spectroscopy and polarizing microscopy. Considerable diffuse scatter was produced in the X-ray diagrams of the very young specimens, suggesting a swollen gel structure with its constituent collagen molecules in a rand6mly orientated condition. Increased resolution was seen in both annulus and nucleus with advancing age, but orientation was not apparent until the age of 35-38 years. Older specimens showed some encroachment of the nucleus by the annulus, being apparent in middle age and increasing with advancing years. Thus it would appear that the effect of ageing on the nucleus is a transformation from the dispersed gel structure to a fibrous desiccated collagenous mass (Figs. 1, 2, 3) . Infra-red spectroscopy of specimens from subjects aged 65-70 and 78 all showed a possible ,-protein structure superimposed on the typical collagen X-ray diagram, the spectra obtained suggesting the presence of a second non-collagenous protein in the nuclei of aged subjects. Comparison of the X-ray diagrams obtained from the frozen un-dried specimens with those obtained by air drying for half an hour showed that the disorientated appearance in sections from the younger age group was an artefact produced by the drying. All age groups over 21 years gave a biaxial X-ray diagram and this was confirmed by examination with the polarizing microscope. Further, the ageing process of increased orientation beyond this age is seen only in the nucleus.
Using frozen sections l0pu in thickness, it was possible to obtain single sheets of collagen from the annulus. These sheets have a uniaxial arrangement when examined by the polarizing microscope and gave a highly orientated X-ray diagram. By this means it was shown that the biaxial diagram results from the annulus being formed by concentric uniaxial sheets laid against each other so that the fibres of each adjacent layer are set at an angle to those of the next layer-refer-red to as the interstriation angle (Fig. 4) . This explanation of the biaxial diagram was confirmed by observing the angle between the collagen chains as measured from X-ray diagrams and comparing with the angle between the stri2v of the uniaxial sheets as seen under the polarizing microscope. Good agreement between these angles was obtained.
Measurement of the thickness of single sheets from various parts of the annulus fibrosus showed large variations in thickness of the sheets and in parts of the individual sheets. During growth the thickness of the annulus probably increases by addition to the number of sheets laid down and certainly by increase in their thickness.
Specimens from varied parts of the annulus were examined to determine the presence or otherwise of any potential weak area which might be a factor in the development of a disc prolapse. Large variations in the interstriation angle were noted both in the actual circumference of the annulus and approaching the nucleus pulposus. In the specimens examined no obvious relationship between the interstriation angle, and position of the specimen in the annulus, or with age was apparent. Weiss (1953) and Lange (1929) have both shown that orientation of collagen fibrils is determined by the forces prevailing upon the tissues. Thus it is possible that the haphazard variation of the interstriation angle results from the stresses to which the annulus is subjected.
Hirsch and Nachemson (1954) when investigating the effects of compression in isolated discs reported observations of increase of the radius of the disc by 0-2 mm. when an additional 60 kg. was added to a disc already compressed by 40 kg. From our X-ray diagrams of stretched and unstretched annular sections, the variation in the interstriation angle with stretching can be estimated. From this it can be calculated that only 1P change would give the necessary change in radius, indicating that only a small change in the annular wall is necessary to accommodate the stresses to which the disc is subjected. Since the annulus shows a non-uniform arrangement of the sheets of collagen, the extension may not be uniform throughout the circumference. When the interstriation angle is small, greater shearing forces will be developed which may lead to weakening at that site. Attrition of the annulus is likely to develop from such repeated stresses. Alternatively, postulating only a certain angular change because of strong cohesion between the sheets of collagen, parts of the annular strands with large values for the interstriation angle will expand more than those with a low angle, implying that for a large value of the interstriation angle, a greater increase of circumference occurs and uniform pressure from within the nucleus is then apt to cause a localized attrition with subsequent bulging or herniation in such places. This is more prone to occur posteriorly where the annulus is thinner than elsewhere. Such factors areprobably at play in the precipitation of a nuclear herniation by increase in intradisc tension produced by flexion of the spine.
The gel of the nucleus is deformable but incompressible and thus vertical forces are converted into radial forces which act on the annulus equally in all directions. The elastic properties of the annulus allow it to disperse these forces and normally this will prevent any small area of annulus receiving an unusually large pressure. We have seen how advancing age has a deleterious effect on both the gel properties of the nucleus and the elastic mechanism of the annulus. To summarize, in the nucleus the increasing tendency to crystallization and precipitation of the collagen after the age of 30 inhibits the uniform transmission of stress to the annulus.
A large stress may thus be placed on an isolated small portion of the annulus fibrosus, producing weakening and possible rupture of its fibres leading eventually to herniation of the nucleus.
In the annulus a process of reduced elasticity, or rigidity, is induced by the increased precipitation of the collagen and a reduction in the biaxial character of the fibrils.
The net result of these changes is an increased inability to withstand strain on the annulus, yet the loss of function by the nucleus as a result of diminution in gel structure throws much greater strain upon the annulus. Pr(ssure Measurements The second and simultaneous phase of our work was concerned with the determination of intradisc pressure produced by fluid absorption and has been previously reported (Naylor and Smare, 1953; Bush et al., 1956) .
The decrease of the water content and fluid absorption capacity of the nucleus pulposus with age was demonstrated by Puschel (1930) and Gocke (1932) . We repeated and confirmed these observations and noted that the addition of hyaluronidase to the immersion fluid increased the fluid absorption by 20%. Charnley (1952) also demonstrated this property of fluid absorption and showed that by this means a considerable pressure could be set up.
We estimated pressures which were developed within intact discs when immersed in saline or water and demonstrated the development of pressures in the range of 8-300 cm. of mercury in young subjects whilst no pressures were developed in specimens from old subjects which showed disc degeneration (Naylor and Smare, 1953) . These observations lead us to postulate a preliminary hypothesis, viz. that the possible sequence of changes leading to the development of the disc syndrome consists of a depolymerization of the polysaccharide of the collagen-polysaccharide complex in the nucleus pulposus due probably to some endocrine factor leading to increased power of water absorption, this in turn causing fluid absorption by the nucleus and resultant increase in the intradisc pressure.
In relation to this we have recently obtained promising results with the treatment of disc herniation by ACTH given by intravenous drip.
Extension of the preliminary investigations confirmed the preliminary results, the features noted in an analysis of the results'being:
(1) A wide variation in pressures, not only with age, but with discs of the same subject.
(2) The relatively large percentage of discs recording high pressures in the 41-60 age group.
(3) Relatively low pressures in subjects over 60 years or more. Degeneration and cavitation were frequently present in those discs showing low or nil pressures.
This hydrophilic property of the nucleus pulposus may be explained by the osmotic pressure differences between the protein gel and the surrounding medium, this being duly influenced by the mucopolysaccharide content. Sylven et al. (1951) showed that more hydrophilic groups of the mucopolysaccharide in the nucleus became attracted to the increased collagen molecules with advancing age and this may result in a decreased waterbinding and pressure-developing capacity.
The precipitation of large orientated collagen fibres in the nucleus in elderly subjects, as shown by our X-ray crystallographic studies, -will decrease the gel concentration in the nucleus. These two factors -alone could account for the decrease in the ability of a disc nucleus in an elderly subject to develop a pressure within -itself. Any reduction in the actual mucopolysaccharide content itself would assist this process.
The factors affecting the intradisc pressure are therefore:
(1) Amount of hydrophilic mucopolysaccharide. A relative decrease is apparent with increasing age.
(2) Concentration of the protein gel in the nucleus-this decreases with increasing age after the age of 40.
(3) Presence or absence of cavitation.
(4) Variations in elasticity of the annulus fibrosus. This varies with age, for each individual disc and in different parts of an individual annulus.
It is probable that the loss of gel structure in the nucleus may have an effect on the diffusion rate of fluid from the nucleus and may therefore affect the nutrition of the disc. The Mucopolysaccharides of the Intervertebral Disc More recently we have concentrated our investigations on an elucidation of the nature and concentration of the mucopolysaccharides in the intervertebral disc.
Use of metachromatic stains, e.g. toluidine blue, to estimate the relative amounts of mucopolysaccharide in the nucleus shows a decrease with advancing age of subject and this coincides with the degree of degeneration as determined histologically (Malmgren and Sylven, 1952) . This may indicate reduced concentration of mucopolysaccharide or may be due to the relative increased amount of collagen which occupies their polar groups.
A detailed investigation of the mucopolysaccharide components of the intervertebral disc has not yet been reported, but a review of the published work suggests that more than one type is present. Einbinder and Schubert (1950, 1951) and Malmgren and Sylven (1952) have isolated fractions thought to be chondroitin sulphate, based on infra-red spectroscopic examination and estimation of electrophoretic mobility. Using chemical extraction, paper chromatography, paper electrophoresis and infra-red spectroscopy techniques,' our more recent work (Hall et al., 1957; Bernardi et al., 1957) suggests that a keratosulphate is present. We have recently shown (1957) that both nucleus pulposus and annulus fibrosus contain chondroitin sulphate and keratosulphate, while small amounts of hyaluronic acid may be a minor constituent. We are at present endeavouring to elucidate this further and to estimate the relative amounts of each in the annulus and nucleus at various ages.
